Although increasing evidence suggests that anatomically defined subpopulations of serotonergic neurons have unique stress-related functional properties, the topographical distribution of the serotonergic neurons involved in responses to stress-related stimuli have not been well-defined. Inspiration of air containing elevated concentrations of carbon dioxide (CO 2 ; hypercarbic gas exposure) at high concentrations activates both hypothalamic-pituitary-adrenal axis and sympathetic responses in rats and humans. In order to determine the effects of acute hypercarbic gas exposure on subpopulations of topographically organized serotonergic neurons, conscious adult male rats were placed in flow cages and exposed to either atmospheric air or increasing environmental CO 2 concentrations (from baseline concentrations up to 20% CO 2 ) for 5 min. The presence of immunoreactivity for the protein product of the immediate-early gene c-fos was used as a measure, at the single cell level, of functional cellular responses within subpopulations of serotonergic, noradrenergic and adrenergic neurons. Rats exposed to hypercarbic gas had increased numbers of c-Fos/tryptophan hydroxylase immunoreactive (ir) and c-Fos/tyrosine hydroxylase-ir neurons in specific topographically organized subdivisions of brainstem nuclei, compared to control rats. Within serotonergic cell groups (B1-B9), the most striking effects occurred in a subpopulation of large, multipolar serotonergic neurons within the ventrolateral periaqueductal grey and ventrolateral part of the dorsal raphe nucleus, a region implicated in serotonindependent suppression of stress-induced sympathetic outflow and serotonin-dependent inhibition of 'fight or flight' behaviour. These findings have important implications for understanding the role of serotonergic systems in the modulation of stress-related physiology and behaviour and stress-related neuropsychiatric disorders.
Introduction
Serotonergic systems play an important role in the modulation of diverse physiological and behavioural responses, including adaptive responses to stress-related stimuli. Evidence suggests that serotonin can either potentiate or attenuate stress-related neuroendocrine, autonomic and behavioural responses, and that these context-dependent effects depend on the specific site of serotonin action and specific serotonin receptor signalling mechanisms involved (for reviews see Graeff et al., 1996; Graeff et al., 1997; Lowry, 2002) .
Exposure to elevated environmental concentrations of CO 2 elicits adaptive respiratory (Akilesh et al., 1997; Brannan et al., 2001) , neuroendocrine, autonomic and behavioural responses in both rats and humans. Exposing conscious rats to hypercarbic gas (Ͼ10% CO 2 ) rapidly increases sympathetic activity (Elam et al., 1981; Walker, 1987) and anxiety-related behaviours (Cuccheddu et al., 1995) and induces a delayed activation of the hypothalamicpituitary-adrenal (HPA) axis (Marotta et al., 1976; . In humans, a single breath of air containing 35% CO 2 also activates the HPA axis and sympathetic stress responses and induces anxiety-like symptoms (Griez and Van den Hout, 1983; Argyropoulos et al., 2002; Kaye et al., 2004) . Furthermore, a single breath of air containing 35% CO 2 (Schruers et al., 2002) or longer exposure to elevated (5%) environmental concentrations of CO 2 (Gorman et al., 1984; Gorman et al., 1988; Goetz et al., 2001) can elicit panic attacks in many patients with panic disorder. Since hypercarbic gas exposure rapidly alters arterial PCO 2 and pH levels in humans (Van den Hout and Griez, 1985; Griez et al., 1987b) and in rats (Elam et al., 1981; Walker, 1987; Kintner et al., 1999) , it has been proposed that altered responses to arterial PCO 2 or pH changes could underlie panic disorders (Griez et al., 1987a; Klein, 1993) .
Recent electrophysiological studies conducted using neuronal cultures or brain slices derived from neonatal and juvenile rats reveal that PCO 2 and pH changes are detected centrally by both midbrain and medullary serotonergic neurons. In these in vitro studies, slight decrements in extracellular pH (7.4 to 7.2) increase firing rates (300-405%) in over 70% of the midbrain (Severson et al., 2003) and medullary (Richerson, 1995; Wang et al., 1998; Bradley et al., 2002) serotonergic neurons analysed. In in vivo studies, exposing conscious adult cats to hypercarbic gas (4 to 9% CO 2 ) increases firing rates of 22% of medullary (Veasey et al., 1995) and 22% of midline, midbrain/pontine dorsal raphe (Veasey et al., 1997) serotonergic neurons analysed. Consistent with these findings, exposing conscious rats to acute hypercarbic gas leads to increases in brain concentrations of 5-hydroxytryptamine (5-HT) and its metabolites in some forebrain structures but not others (Garcia de Yebenes et al., 1977) . These data suggest that subpopulations of serotonergic neurons may modulate physiological and behavioural responses to altered PCO 2 and pH homeostasis via actions on specific neural systems.
Since glucocorticoid hormones are released after exposure to high concentrations of CO 2 and may alter the excitability of serotonergic neurons by desensitizing 5-HT 1A autoreceptors (Laaris et al., 1995 (Laaris et al., , 1997 we investigated the effects of exposure to elevated atmospheric concentrations of CO 2 on serotonergic systems in rats which were intact, sham-adrenalectomized or adrenalectomized with corticosterone replacement. In addition, as topographically organized subpopulations of brainstem noradrenergic (NA) and adrenergic (A) neurons are well-documented to play an important role in the modulation of central respiratory and autonomic control mechanisms (see reviews: Dampney, 1981 Dampney, , 1994 ; we have conducted parallel studies on brainstem NA and A systems.
Parts of this work have been published previously in abstract form (Johnson et al., 2003a, b) .
Materials and methods

Animals and housing conditions
Adult male Sprague-Dawley rats (250-275 g) were purchased from Harlan (Barcelona, Spain), and were maintained under standard environmental conditions (22°C; 12/12 light/dark cycle; lights on at 7.00 AM) in groups of four for 5 days prior to the surgical manipulations. Food and water were provided ad libitum. Animal care procedures were conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals and the guidelines of the Instituto Cajal, CSIC, Madrid, Spain.
Adrenalectomy, sham adrenalectomy and nonsurgical controls
Adrenalectomy (ADX, n ϭ 14) and sham ADX (n ϭ 11) were performed 3 days prior to exposure to atmospheric air or normoxic, hypercarbic gas. Prior to surgeries, ADX and sham ADX animals were anaesthetized with sodium pentobarbital (20-30 mg/rat, i.p.) and adrenal glands were removed bilaterally using blunt dissection (ADX) or adrenal glands were exposed but not removed (sham ADX). Adrenalectomized rats received physiological saline containing corticosterone (B) (25 g/ml) ad libitum in place of drinking water. Intact animals (n ϭ 13) did not undergo surgery but were left undisturbed in their home cages. All ADX, sham-ADX and intact animals were group housed according to surgical treatment.
Equipment
Flow cages (12ЈЈ width ϫ 12ЈЈ height ϫ 24ЈЈ length) were custom built using plexi-glass, with 9 holes ( inch diameter) drilled on either end of the cage as recommended by the manufacturer of the CO 2 and O 2 sensors (Biospherix Ltd., Redfield, NY, USA) in order to avoid stratification of infused air. Gas flow into the cages was controlled using a two-stage regulator (Praxair, Inc., Danbury, CT, USA) at a pressure of 0.6 Bar. The infusion hose was placed near a 1 inch diameter fan to circulate the infused air within the cage. To validate the consistency of the rate of CO 2 delivery, we monitored CO 2 and O 2 concentrations within the experimental cages using state-of-the-art infrared CO 2 (ProCO 2 ) and electrochemical O 2 (ProO 2 ) sensors.
Atmospheric air, normoxic air containing elevated concentrations of CO 2
For treatments, completely randomized blocks of four animals were selected from their home cages and placed in pairs in one of two experimental cages containing atmospheric air. Infusion of premixed gases, either atmospheric air (Ͻ1% CO 2 , 21% O 2 , 79% N 2 ) or hypercarbic gas (20% CO 2 , 21% O 2 , 59% N 2 ) (Praxair España, Madrid, Spain), began 1 min after placement of rats in the cages and continued for 5 min. At that time the gas flow was terminated and cages were opened to allow rapid equilibration with atmospheric air. Rats were left in the cages for an additional 5 min and then were transferred to their original home cages. blade at the caudal border of the mammillary bodies. Brains were frozen in cooled liquid isopentane made by immersing a plastic vessel containing isopentane into a dewar flask containing liquid nitrogen. Serial coronal sections (30 m) were cut using a cryostat and were immediately placed in cryoprotectant consisting of 27% ethylene glycol and 16% glycerol in 0.05 M PB to yield six alternative sets of sections. Sections were stored at Ϫ20°C until immunohistochemical processing. All solutions had a pH of 7.4.
Double immunohistochemistry
Double immunostaining for c-Fos protein and TrpOH or TH was accomplished with sequential immunohistochemical procedures using (1) primary antibodies directed against c-Fos (rabbit anti-c-Fos polyclonal antibody, Cat. # PC38, Ab-5, Chemicon Harlow, UK; diluted 1:10,000) then (2) primary antibodies directed against either TrpOH (sheep anti-TrpOH polyclonal affinity-purified antibody, Cat. # 9260-2505, Biogenesis; diluted 1:12,000) or TH (rabbit anti-TH polyclonal affinity-purified antibody Cat # B1562, Chemicon, Harlow, UK; diluted 1:10,000). Free-floating sections were washed in 0.05 M PBS for 30 min, then incubated in 1% H 2 O 2 in PBS for 20 min. Sections were then washed 10 min in PBS and 20 min in PBS with 0.3% Triton X-100 (PBST). Sections were then incubated 12-16 hr in PBST with primary antibody solution at room temperature. After a 30 min wash in PBST, sections were incubated 2 hr in the appropriate secondary antibody: biotinylated swine anti-rabbit IgG (c-Fos, TH; Cat # E0353; DAKO, Cambridgeshire, UK; diluted 1:200), biotinylated rabbit anti-sheep IgG (TrpOH; Cat # PK-6106; Vector Laboratories, Burlingame, CA, USA; 1:200 dilution). Sections were washed again for 30 min in PBST then incubated 1.5 hr in an avidin-biotin complex provided in a standard Vector Elite kit (Cat # PK-6100, Vector Laboratories, Burlingame, CA, USA; diluted 1:200). Substrates for chromogen reactions were SG (c-Fos; SK-4700, Vector Laboratories, Burlingame, CA, USA) or 0.01% 3,3Ј-diaminobenzidine tetrahydrochloride (TrpOH, TH; DAB) (D-5637, Sigma, Poole, UK) in PBS containing 0.003% H 2 O 2 , pH 7.4. Substrate reactions were run for 30-45 min. All sections were mounted on clean glass slides, dried overnight, dehydrated and mounted with coverslips using DPX mounting medium (BDH Laboratory Supplies, Poole, UK). All washes and incubations were done in 24-well polystyrene plates with low frequency shaking on an orbital shaker.
Data generation and statistical analyses
Analysis of c-Fos-ir (blue staining) nuclei and TrpOH-ir (brown staining) neurons was conducted at eight anatomical levels from Ϫ7.30 to Ϫ13.68 mm bregma and included subregional analysis of several nuclei (Fig. 1a ). Analysis of c-Fos-ir (blue staining) nuclei and TH-ir (brown staining) neurons was conducted at 13 anatomical levels from Ϫ8.80 to Ϫ14.20 mm bregma ( Fig. 1b ). Selection of anatomical levels for analysis and identification of subnuclei was conducted with reference to illustrations from a rat brain stereotaxic atlas (Paxinos and Watson, 1997) . For serotonergic nuclei, one coronal section was selected from each animal for each anatomical level and total c-Fos/TrpOH double-positive neurons and total TrpOH-positive neurons were counted throughout relevant nuclei or subnuclei at each bregma level. For NA and A nuclei, the counts were done as above to quantify c-Fos/TH-ir and TH-ir cells. All cell counts were done at 400ϫ magnification by an observer (PLJ), who was blind to the experimental treatment of each animal. Each dependent variable for cell counts (c-Fos/TrpOH, c-Fos/TH, TrpOH and TH) was analysed using a single multifactor ANOVA with ENVIRONMENTAL CON-DITION (EC) and SURGICAL CONDITION (SC) as main factors and BRAIN REGION as repeated measures (Peterson, 1985) . In the presence of significant main effects or main effect ϫ brain region interactions, post hoc tests were conducted to define the anatomical location of the effects using Fisher's Protected Least Significant Difference tests using local estimates of error and degrees of freedom from each specific brain region. Missing values for multifactor ANOVAs with repeated measures were calculated using the Peterson method (Peterson, 1985) ; these values were not included in further post hoc tests or in graphical representations of the data. Missing values for c-Fos/TrpOH-ir cell counts were identical to those from TrpOH cell counts and included 101 missing values out of 1254 total values (approximately 8.0%). One animal was excluded from the study due to suboptimal immunohistochemical staining for c-Fos/TrpOH. Staining for c-Fos and TH in adjacent sections from the same animal was strong, suggesting that the suboptimal staining for c-Fos/TrpOH was due to methodological problems. Missing values for c-Fos/TH-ir cell counts were identical to those from TH-ir cell counts and included 48 missing values out of 936 total values (approximately 5.1%). All statistical analyses were carried out using SYSTAT 5.02 for Windows (SYSTAT Inc., Evanston, Illinois, USA), and all graphs were generated using SigmaPlot 2001 for Windows (SPSS Inc., Illinois, USA).
Photography
Photomicrographs were obtained using a Leica brightfield microscope using N plan 5ϫ, 10ϫ, 40ϫ and 63ϫ objective lenses (model DMLB, Leica Mikroskopie and Systeme GmbH, Wetzler, Germany), an Insight digital camera (Diagnostics Instruments Inc., Sterling Heights, Michigan, USA) and SPOT 3.5.5 for Windows digital imaging software (Silicon Graphics, Mountain View, California, USA). Photographic plates were prepared using CorelDraw 11.633 for Windows (Viglen Ltd., Alperton, Middlesex, UK).
Results
Hypercarbic gas exposure
Oxygen concentration remained at 21% throughout the gas infusion in the control and experimental cages (Fig. 2) . Carbon dioxide concentration remained constant at Ͻ1% in the control cage during exposure of rats to atmospheric air (Ͻ1% CO 2 /21% O 2 /79% N 2 ). Infusion of the premixed hypercarbic gas (20% CO 2 /21% O 2 /59% N 2 ) resulted in a rapid increase in CO 2 concentration from Ͻ1% CO 2 up to 20% CO 2 at the 5min time point (Fig. 2 (Bradley et al., 2002) ); VLPAG, ventrolateral periaqueductal grey . Animals were placed into cages at t ϭ Ϫ1 min. In the control cage, containing atmospheric air (Ͻ1% CO 2 , 21% O 2 , 79% N 2 ), the cage lid was closed at t ϭ 0 min and opened again at t ϭ 5 min. In the experimental cage), the cage lid was closed and premixed (20% CO 2 , 21% O 2 , 59% N 2) gas infusion began at t ϭ 0 min; at t ϭ 5 min the lid was opened and the gas infusion ceased. All rats were removed and returned to home cages at t ϭ 10 min. Both O 2 (grey circles) and CO 2 (black circles) concentrations (mean per cent Ϯ S.E.M.) were recorded every 15 s from t ϭ 0 min until t ϭ 10 min. Time-dependent changes in per cent O 2 (grey circles) and CO 2 (black circles) concentrations (mean per cent Ϯ S.E.M.) are illustrated for the experimental cage during infusion of normoxic hypercarbic gas (20% CO 2 , 21% O 2 , 59% N 2 ) for 5 min (shaded box), and the 5 min period following termination of gas infusion, when rats were removed and replaced in their home cages infusion and opening the cages, the concentration of CO 2 rapidly decreased from 20% CO 2 to Ͻ2.5% CO 2 during the following 5min. Control rats exposed to atmospheric air remained active throughout the 5min exposure period, whereas animals exposed to hypercarbic gas displayed observable increases in depth of ventilation, based on visual observation, and immobility without loss of consciousness at CO 2 concentrations Ͼ15%. Behavioural activity resumed when CO 2 concentrations reached 5%.
Serotonergic systems
Comparison of the numbers of c-Fos-ir nuclei within midbrain, pontine and medullary TrpOH-ir neurons among all treatment groups revealed a main effect of EC (F (1,32) ϭ 4.2, p Ͻ 0.05). An interaction between EC and BRAIN REGION approached statistical significance (F (32,1024) ϭ 1.4, p Ͻ 0.059). In contrast with NA and A systems, a main effect of SC on the number of c-Fos/TrpOH-ir neurons was observed (F (2,32) ϭ 4.1, p Ͻ 0.05), as well as interactions between EC and SC (F (2,32) ϭ 7.6, p Ͻ 0.01), SC and BRAIN REGION (F (64,1024) ϭ 2.8, p Ͻ 0.0001), and EC, SC and BRAIN REGION (F (64,1024) ϭ 3.3, p Ͻ 0.0001), indicating that there were regionally specific effects of EC and SC on c-Fos immunostaining in TrpOH-ir neurons. No significant effects of EC, SC, BRAIN REGION or interactions were observed on the number of TrpOH-ir neurons sampled within subdivisions of brainstem serotonergic systems.
Medullary serotonergic systems
Exposure to elevated concentrations of atmospheric CO 2 had no effect on c-Fos immunostaining in TrpOH-ir neurons within medullary serotonergic cell groups (Fig. 3) , with the exception that intact rats exposed to hypercarbic gas had greater numbers of c-Fos/TrpOH-ir neurons in the parapyramidal nucleus/gigantocellular reticular nucleus, alpha part (PPy/GiA; Ϫ11.60 mm bregma) compared to intact control rats exposed to atmospheric air ( Fig. 3) . A comparison of immunostaining of c-Fos in TrpOH-ir neurons in the raphe pallidus of intact rats exposed to elevated atmospheric concentrations of CO 2 approached statistical significance when compared to intact controls (p ϭ 0.070).
Midbrain and pontine serotonergic systems
Intact rats exposed to elevated atmospheric concentrations of CO 2 , compared to intact rats exposed to atmospheric air, had increased numbers of c-Fos/TrpOH-ir neurons in anatomically and morphologically distinct subpopulations of midbrain and pontine serotonergic neurons (Figs 4, 5 and 6) . Post hoc analyses of data from midbrain and pontine serotonergic cell groups (Fig. 5 ) revealed increased expression of c-Fos in TrpOH-ir neurons in intact rats exposed to hypercarbic gas compared to intact rats exposed to atmospheric air throughout the dorsal part of the dorsal raphe nucleus (DRD) (Ϫ7.30, Ϫ7.85, Ϫ8.10 and Ϫ8.50 mm bregma), and the caudal dorsal raphe nucleus (DRC) (Ϫ8.75 mm bregma). The DRD, at Ϫ7.85 and Ϫ8.10 mm bregma, was further subdivided into a 'core' region and a 'shell' region based on topographical distribution and density of neurons, morphological differences among the cells, and differential projections of the two regions (Steinbusch et al., 1981; Petrov et al., 1992 Petrov et al., , 1994 Gasbarri et al., 1999) (Figs 4b and 4c ); similar effects of EC were observed in both the core and the shell regions of the DRD where these distinctions were made (Ϫ7.85, Ϫ8.10 mm bregma) (Figs 5, 6e and 6f) among intact rats. The interfascicular dorsal raphe nucleus (DRI; as defined by Paxinos and Watson, 1997) had increased c-Fos immunostaining in TrpOH-ir neurons at all levels analysed (Ϫ8.50 and Ϫ8.75 mm bregma; p Ͻ 0.05 and p Ͻ 0.001, respectively) in rats exposed to elevated atmospheric concentrations of CO 2 versus rats exposed to atmospheric air ( Fig. 5 ). Of the five levels of the median raphe nucleus (MnR) analysed, post hoc analysis revealed that intact rats exposed to elevated atmospheric concentrations of CO 2 had increased c-Fos/TrpOH-ir neurons in only the caudal or pontine MnR (Ϫ8.50, Ϫ8.75 mm bregma) compared to intact rats exposed to atmospheric air (Fig. 5 ). Tryptophan hydroxylase-ir neurons in the extreme ventral portion of the DRVL at Ϫ7.85 mm bregma (Fig. 4b ) appeared to be part of topographically organized subpopulation of serotonergic neurons with distinct morphological characteristics within the DRV and therefore were included in DRV cell counts. Post hoc analysis of the ventral part of the dorsal raphe nucleus (DRV) revealed that intact rats exposed to elevated atmospheric concentrations of CO 2 had increased c-Fos/TrpOH-ir neurons in the most caudal subdivision of the DRV where this subdivision merges with the DRI (Ϫ8.50 mm bregma; p Ͻ 0.05). Post hoc analyses revealed that intact rats exposed to hypercarbic conditions had the most profound increase in c-Fos/TrpOH-ir neurons within the VLPAG/DRVL (Ϫ7.85, Ϫ8.10 and Ϫ8.50 mm bregma] with up to 35% of serotonergic cells expressing c-Fos, compared to 6% of serotonergic cells expressing c-Fos in the VLPAG/DRVL of intact rats exposed to atmospheric air ( Figs 5, 6c and 6d ). In marked contrast, 3% or less of serotonergic cells in the rostral (Ϫ7.85 and Ϫ8.10 mm bregma) DRV expressed c-Fos, regardless of the nature of the experimental condition. Post hoc analysis of surgical effects revealed attenuated increases in c-Fos expression within TrpOH-ir neurons in response to hypercarbic gas exposure in both sham-ADX and/or ADX ϩ B groups compared to intact controls in the B9, DRD, DRC, DRDC, DRDSh, DRI, DRV and VLPAG/DRVL subregions of the midbrain and pontine serotonergic systems (Fig. 5 ).
NA and A systems
Comparison of the number of c-Fos-ir nuclei within pontine and medullary TH-ir neurons among all treatment groups revealed an overall treatment effect due to EC (F (1,33) ϭ 24.2, p Ͻ 0.0001). There was also an EC*BRAIN REGION interaction (F (23,759) ϭ 5.3, p Ͻ 0.00001) indicating regional differences in the effects of hypercarbic gas on the numbers of c-Fos/TH-ir neurons. There were no other main effects or interactions. No significant effects of EC, SC, BRAIN REGION, or interactions among these factors were observed on the number of TH-ir neurons within subdivisions of brainstem NA and A systems.
Differentiating between NA and A cell groups
Assigned definitions of NA and A cell groups in the brainstem were based on a standard rat sterotaxic atlas (Paxinos and Watson, 332 Acute hypercarbia and monamine systems Figure 4 Topographical organization of serotonergic subdivisions within the midbrain/pons of an adult male Sprague-Dawley rat exposed to elevated atmospheric concentrations of CO 2 . Dotted lines delineating subdivisions of the midbrain/pontine raphe nuclei were traced from a standard rat stereotaxic atlas (Paxinos and Watson, 1997) Exposing intact rats to elevated atmospheric concentrations of CO 2 (compared to exposing intact rats to atmospheric air) increased c-Fos immunostaining in topographically organized midbrain and pontine serotonergic neurons. Challenging intact rats with acute hypercarbic gas increased mean numbers of c-Fos/TrpOH-ir neurons throughout the DRD, DRD core (DRDC), DRD shell (DRDSh), DRC, VLPAG, caudal region of the DRV, DRI and caudal/pontine MnR. Neither EC nor SC affected immunostaining of c-Fos/TrpOH-ir neurons in the rostral or medial DRV, CLi, B9 cell group or rostral/midbrain MnR. An increase in c-Fos/TrpOH-ir neurons occurred in atmospheric controls in ADX groups versus intact controls in the DRC. The increase in c-Fos/TrpOH-ir neurons in intact rats exposed to hypercarbic gas appeared to be attenuated in sham-ADX and ADX rats in many serotonergic cell groups in the DR and caudal MnR. Cell counts of c-Fos/TrpOH-ir and single TrpOH-ir neurons were conducted at five anatomical levels of the midbrain/pontine DR and MnR, within the CLi, and B9 serotonergic cell group. 
1997)
, with the following exception. The expression of phenylethanolamine-n-methyl transferase (PNMT), found only in A neurons, and TH appears to overlap in the dorsomedial medulla at Ϫ13.68 mm bregma (based on observations of PNMT-ir cell groups in adjacent serial sections in the present study), therefore the A2 region at this level, as assigned by Paxinos and Watson (1997) , was labelled A2/C2.
Medullary NA and A systems
Post hoc analyses revealed that rats exposed to elevated atmospheric concentrations of CO 2 had increased numbers of c-Fos-ir nuclei within TH-ir neurons in the rostral C1 A cell group (Ϫ11.60, Ϫ11.80 and Ϫ11.96 mm bregma) in all surgical groups with the exception of the sham-ADX group at Ϫ11.60 and Ϫ11.96 mm bregma, which approached statistical significance in both cases (p ϭ 0.057 and p ϭ 0.051, respectively; see Figs 7 and 8). There were no effects of EC on c-Fos immunostaining in caudal C1 neurons (Ϫ12.30 and Ϫ13.24 mm bregma), but exposure to elevated atmospheric concentrations of CO 2 resulted in a significant increase in c-Fos immunostaining in TH-ir neurons at Ϫ13.80 mm bregma (A1C1) in both nonsurgical and sham-ADX rats (Fig. 7) . Exposure to elevated atmospheric concentrations of CO 2 had no consistent effects on c-Fos immunostaining in TH-ir 334 Acute hypercarbia and monamine systems Figure 6 Exposing intact rats to acute hypercarbic gas increased c-Fos immunostaining in anatomically organized serotonergic neurons within some subregions of the dorsal raphe nucleus, but not others. Photomicrographs illustrating nuclear c-Fos (blue staining) and cytoplasmic TrpOH (brown staining) double immunostaining within the serotonergic cell group in the VLPAG, DRD and DRV (Ϫ8.10 mm bregma) in intact rats exposed to atmospheric gas (left) and intact rats exposed to elevated concentrations of environmental CO 2 (right). (A and B) Low magnification photograph of DR, (C) VLPAG/DRVL of rat exposed to atmospheric gas, (D) VLPAG/DRVL of rat exposed to hypercarbic gas, DR, (E) DRD of rat exposed to atmospheric gas, (F) DRD of rat exposed to hypercarbic gas, (G) DRV of rat exposed to atmospheric gas, (H) DRV of rat exposed to hypercarbic gas. Black boxes in (A) neurons in the C2 (Ϫ13.24 mm bregma) or C3 cell group (Fig. 7) , nor in any subdivision of the A2 cell group (Fig. 7) . Acute hypercarbic gas exposure did increase c-Fos immunostaining within C2 neurons in intact rats (Ϫ13.3 mm bregma), and in the C3 (Ϫ12.3 mm bregma) and A2 cell groups (Ϫ13.80 mm bregma) in ADX rats. Post hoc analyses revealed that rats exposed to elevated atmospheric concentrations of CO 2 had increased numbers of c-Fos/THir neurons within specific pontine cell groups compared to rats exposed to atmospheric air (Fig. 9 ). Hypercarbic gas exposure resulted in a robust increase in c-Fos immunostaining in A6 TH-ir neurons (Ϫ9.80, Ϫ10.04 and Ϫ10.30 mm bregma) in both the nonsurgical and sham-ADX groups, with the exception of the sham-ADX group at Ϫ10.04 mm bregma (P ϭ 0.078). In contrast, there were no differences in the numbers of c-Fos-ir/TH-ir cells within the A6 cell group in ADX rats exposed to elevated concentrations of CO 2 compared to ADX rats exposed to atmospheric air.
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There were also no effects of exposure to elevated atmospheric concentration of CO 2 on c-Fos immunostaining within TH-ir neurons in the A5 cell group or in the A7 cell group.
Discussion
Acute hypercarbic gas exposure results in life-threatening changes in acid-base homeostasis which are accompanied by rapid physiological and behavioural responses. In the present study we found that rats exposed to a short duration of 20% CO 2 , a stimulus that impacts the HPA axis and central autonomic control systems, showed c-Fos responses in anatomically organized subpopulations 336 Acute hypercarbia and monamine systems Figure 8 Exposing intact rats briefly to hypercarbic gas increased c-Fos immunostaining in C1 adrenergic (A) neurons. Photomicrographs illustrating nuclear c-Fos (blue staining) and cytoplasmic TH (brown staining) double immunostaining of medullary C1 A cell group (Ϫ11.80 mm bregma) in intact control rats (left) and intact rats exposed to elevated concentrations of environmental CO 2 (right). (A, C) rostral ventrolateral medulla with C1 A cell group of rat exposed to atmospheric gas, (B, D) rostral ventrolateral medulla with C1 A cell group of rat exposed to hypercarbic gas. Black arrows in ( of serotonergic neurons within the brainstem. Although this does not necessarily reflect increases in neuronal firing rates (Morgan and Curran, 1989) , it is accepted as a marker of postsynaptic neuronal responses to increased synaptic input (Morgan and Curran, 1986) or receptor signalling (Linden et al., 2003) and is a useful marker of neuronal pathways that are involved in processing these afferent signals.
Functional topography of serotonergic systems
Serotonergic neurons in the DR have a functional topographical organization based on studies of behavioural correlates of serotonergic neuronal firing rates (Sakai and Crochet, 2000) , neuronal morphology (Steinbusch, 1984) (Fig. 6) , patterns of afferent input (Peyron et al., 1998) and efferent output (Bago et al., 2002; Petrov et al., 1992 Petrov et al., , 1994 Steinbusch et al., 1981; Underwood et al., 1999) reviewed by Lowry (2002) . The present study supports the hypothesis that functional topographical differences among serotonergic cell groups exist in the DR by clearly demonstrating that hypercapnia can induce c-Fos immunostaining in serotonergic neurons within some subnuclei of the brainstem raphe complex (e.g. the VLPAG/DRVL) while having no effect on c-Fos immunostaining in serotonergic neurons within other subnuclei (e.g. the rostral DRV).
The anatomically specific effects of hypercapnic gas exposure in this study may be a result of either direct or indirect actions of pH/CO 2 on subpopulations of serotonergic neurons. Carbon dioxide readily crosses the blood-brain barrier to directly interact with central chemoreceptors (Leusen, 1972; Voipo, 1998) , which are critical for cardiovascular and respiratory responses during hypercapnia (Fukuda et al., 1989) . If the effects were due to direct actions on serotonergic neurons, the differential responses we found could be due to either regional differences in extracellular pH following hypercarbic exposure (e.g. based on proximity of different regions of the DR to large cerebral arteries) or to differential sensitivity of individual neurons to changes in pH/PCO 2 . It is of course possible that a higher concentration or longer duration of hypercarbic gas exposure might have more widespread effects, but we have used a concentration of CO 2 greater than that (Ͼ10% CO 2 ) needed to increase sympathetic activity (Elam et al., 1981; Walker, 1987) and anxiety-related behaviours in rats (Cuccheddu et al., 1995) . Furthermore, in humans, a single breath of Ͼ35% CO 2 elicits similar physiological responses as well as inducing panic attacks in the majority of panic disorder patients (Schruers et al., 2002) . Our data therefore reflect specific subpopulations of serotonergic, NA and A neurons that are likely to modulate stressrelated neuroendocrine, autonomic and behavioural responses to acute hypercapnia.
Serotonergic systems involved in the inhibition of sympathetic activity, fear and panic
Of all the serotonergic cell groups that were analysed, a distinct cluster of large multipolar serotonergic neurons in the Acute hypercarbia and monamine systems 337 VLPAG/DRVL had the most robust increase in c-Fos-ir following acute hypercarbic gas exposure. These neurons are tightly apposed to bilateral penetrating arteries, and slight decrements in pH (from 7.4 to 7.2) increase in vitro firing rates of these serotonergic neurons (Severson et al., 2003) . Furthermore, serotonergic neurons within the VLPAG/DRVL may provide important inhibitory input to the dorsolateral periaqueductal grey (DLPAG) to prevent or inhibit 'fight-or-flight' responses. Microstimulation of the DLPAG elicits marked sympathoexcitatory and 'fight or flight' responses (Beckett et al., 1992; Beckett and Marsden, 1997; Jacob et al., 2002) . Conversely, chemical activation of the VLPAG results in a 15-fold increase in 5-HT in the DLPAG and an inhibition of sympathoexcitation and freezing behaviour (Bago and Dean, 2001; Jacob et al., 2002; Odeh et al., 2003) . This increase in 5-HT in the DLPAG is accompanied by an inhibition of unconditioned fear . Prior microinjections of either 5-HT or the 5-HT 1A receptor agonist 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT), into the DLPAG attenuate fear-related physiological and behavioural responses resulting from microstimulation of the DLPAG (Beckett et al., 1992; Beckett and Marsden, 1997; Jacob et al., 2002) . Conversely, intra-DLPAG injections of the 5-HT 1A receptor antagonist [2-[4-(2-methoxyphenyl)-1-piperzinyl]ethyl]-N-(pyridinyl) cyclohexanecarboxamide trichloride (WAY100635) can exacerbate responses elicited by chemical stimulation of the DLPAG, or block the attenuation of these responses by the 5-HT 1A receptor agonist 8-OH-DPAT (Beckett and Marsden, 1997) . Serotonergic neurons in the VLPAG/DRVL may be the source of serotonin within the periventricular path, hypothesized by Deakin and Graeff (1991) to inhibit sympathoexcitation and panic in the presence of intense stress-related or aversive stimuli (e.g. hypercapnia or pain). Serotonergic neurons in the VLPAG/DRVL may also contribute to inhibition of stress-induced sympathoexcitation through actions on C1 A neurons within the RVLM. While a significant proportion of serotonergic innervation of the C1 region arises from medullary sources, within the midbrain/pons serotonergic projections to the C1 region arise almost exclusively from serotonergic neurons in the VLPAG/DRVL (Bago et al., 2002) , and lesioning the DR results in an approximate 35% reduction in concentrations of 5-HT and its catabolite 5-hydroxyindoleacetic acid within the C1 region (Underwood et al., 1999) . These findings suggest that the serotonergic neurons in the VLPAG/DRVL provide a significant proportion of the endogenous 5-HT within the C1 region. In addition, many PAG projections are in direct contact with C1 neurons (Chen and Aston-Jones, 1995) . Serotonin's effects in the region containing C1 A neurons appear to be inhibitory, since microinjections of 5-HT or 5-HT 1A receptor agonists into the RVLM inhibit pre-existing hypertension (Bago et al., 1999; Bago and Dean, 2001) . These observations support the idea that serotonergic neurons in the VLPAG/DRVL projecting to C1 A neurons provide important vasodepressor input mediated through actions on 5-HT 1A receptors. The increases in c-Fos-ir in serotonergic neurons in the VLPAG/DRVL following hypercarbic gas exposure could be associated with 5-HT release within specific brain regions to inhibit ongoing sympathoexcitation as described above and/or could be related to other physiological (e.g. hypercarbia-induced cerebral vasodilatation) or motor responses (e.g. ventilatory responses) during exposure to hypercarbic gas, or even to adaptive changes occurring after CO 2 exposure. Overall these findings suggest that serotonergic projections arising from the VLPAG/DRVL may play a fundamental role in the mechanisms underlying the effects of serotonergic drugs on fear or panic-associated physiological and behavioural responses.
Serotonergic subpopulations involved in sympathoexcitation and HPA axis activation
Acute hypercarbic gas exposure also increased c-Fos-ir in serotonergic neurons in the DRDSh, DRDC and DRC subdivisions of the midline DR. Although microstimulation of serotonergic neurons in the VLPAG results in inhibition of sympathoexcitatory responses (Bago and Dean, 2001; Jacob et al., 2002; Odeh et al., 2003) , microstimulation of the midline DR/MnR region actually increases sympathoexcitatory responses. This response appears to be mediated by serotonergic neurons in the midline DR, since selectively lesioning serotonergic neurons in the DR, but not the MnR, prior to chemical microstimulation of the midline DR/MnR attenuates pressor responses by 60% (Robinson et al., 1985) . Serotonergic neurons in the DRDSh represent a mesolimbocortical system which innervates a distributed central autonomic control system including the PVN (Petrov et al., 1992; Petrov et al., 1994; Sawchenko et al., 1983) , CeA (Petrov et al., 1994) and lateral parabrachial nucleus, and appears to modulate neural systems mediating stress-induced autonomic and HPA axis output.
Medullary serotonergic cell groups
Using in vivo electrophysiology in freely moving cats, Veasey and colleagues found that acute exposure to hypercarbic gas (4-9% CO 2 ) resulted in increases in firing rates of six of 27 medullary serotonergic neurons sampled (22%) in the raphe pallidus and raphe obscurus, predominantly at the dorsal-ventral junction of these medullary nuclei (Veasey et al., 1995) . Although in the present study a similar percentage (28%) of serotonergic neurons within the raphe pallidus expressed c-Fos in rats exposed to hypercapnic gas, this was not significantly different when compared to control rats. The lack of a significant increase in c-Fos/TrpOH-ir neurons in the raphe pallidus in the present study could be due to an effect of novelty on c-Fos expression in control rats, partially masking an effect of hypercarbia. In support of this explanation, the studies by Veasey and colleagues revealed that all six hypercarbia-responsive medullary serotonergic neurons also responded with increases in neuronal firing rates following locomotor challenge (Veasey et al., 1995) suggesting that serotonergic neurons in these medullary nuclei respond to multiple motor challenges, which could include exploration of a novel environment in the present study. In contrast, while exposure to the same hypercarbic conditions increased neuronal firing rates in eight of 32 serotonergic neurons (22%) in the DR, none of these cells responded to locomotor challenge (Veasey et al., 1997) . Alternatively, the lack of a significant effect of hypercapnia on c-Fos expression within serotonergic neurons in the raphe pallidus in the present study could be due to a Type II statistical error (e.g. the effects of CO 2 exposure on c-Fos expression in serotonergic neurons within the raphe pallidus approached statistical significance (p ϭ 0.070), to 'false negatives' (e.g. c-Fos expression in TPH-ir neurones below the threshold of detection of the immunohistochemical methods used), or to a dissociation between stimulus-induced c-Fos expression and neuronal firing rates in this population of cells.
Noradrenergic and adrenergic systems
As expected, exposure to acute hypercarbic gas, compared to exposure to atmospheric air consistently increased c-Fos-ir in subpopulations of NA and A cell groups including the A1, C1, and A6 cell groups. Acute hypercarbic gas exposure significantly increased c-Fos-ir throughout TH-ir A6 NA and C1 A neurons, which are both involved in regulating sympathetic activity (Miyawaki et al., 1991; Madden et al., 1999) . The A6 neurons are in close apposition to the cerebrospinal fluid and become electrophysiologically active in the presence of elevated CO 2 in vivo (Elam et al., 1981) and in vitro (Pineda and Aghajanian, 1997) , and may be an important site for regulation of sympathetic activity following acute hypercarbic gas exposure. Studies in A6 locus coeruleus neurons have identified specific mechanisms through which decreases in pH 0 (acting on TWIK-related acid-sensitive potassium (TASK) channels), decreases in pH i (acting on tetraethanolamine-sensitive potassium channels), and increases in CO 2 (acting on L-type calcium channels) can affect locus coeruleus firing rates (see review: Putnam et al., 2004) .
In contrast to effects observed in A1, C1 and A6 neurons, acute hypercarbic gas exposure in intact rats had no consistent effect on c-Fos immunostaining in any other TH-ir cell groups studied in the pons (A5, A7) or medulla (C2, C3, A2). These findings are consistent with previous studies suggesting that topographically organized subpopulations of NA and A neurons contribute to central respiratory and autonomic control mechanisms (see reviews: Dampney, 1981 Dampney, , 1994 .
Results sham-ADX and ADX versus nonsurgical controls
Although corticosterone can alter central NA (Avanzino et al., 1987; Rusnak et al., 2001) and A (Ebert et al., 1998) activity, ADX did not alter the responsiveness of NA and A cell groups to hypercarbic gas exposure, as assessed by the level of immunostaining of c-Fos in TH-ir neurons. We predicted that ADX would attenuate numbers of c-Fos/TrpOH-ir neurons in the DR based on corticosterone's ability to desensitize 5-HT 1A autoreceptors in the DR (Laaris et al., 1995 (Laaris et al., , 1997 . Instead, surgical stress alone blocked c-Fos immunostaining in subpopulations of serotonergic neurons which responded to hypercarbic gas exposure. Another study, where sham-ADX and ADX were employed, reported unexpected increases in baseline 5-HT turnover in the hypothalamus of sham-ADX rats 2 hrs after surgery (Van Loon et al., 1981) . It is likely that more than 3 days of surgical recovery may be needed to adequately study interactions between glucocorti-coid hormones and the functional properties of serotonergic systems.
Mechanisms of CO 2 -induced increases in c-Fos expression
The molecular mechanisms through which changes in extracellular pH or CO 2 concentrations lead to increases in immediate-early gene expression are not well defined. However, studies of chemosensory cells within the carotid body reveal that hypercarbic solutions increase cellular concentrations of cyclic adenosine monophosphate (cAMP) and alter calcium currents through a protein kinase A dependent mechanism (Summers et al., 2002) . Both cAMP and protein kinase A play important roles in the regulation of c-Fos gene transcription (Kovacs, 1998) . If similar intracellular signalling mechanisms are involved in central chemosensory systems, these mechanisms may contribute to CO 2induced increases in c-Fos expression within the central nervous system.
Clinical relevance: panic and anxiety disorders
Exposure to acute hypercarbic gas is a potent stressor, which elicits panic attacks in many panic disorder patients (for references, see Introduction). Selective serotonin re-uptake inhibitors (SSRIs) are highly effective in the treatment of panic disorders (Asnis et al., 2001; Kasper and Resinger, 2001; Roy-Byrne et al., 2001) . Furthermore, oral administration of 5-hydroxytryptophan, the precursor to 5-HT (Schruers et al., 2002) fluvoxamine, an SSRI, (Pols et al., 1996) or fenfluramine, a 5-HT releasing drug, (Mortimore and Anderson, 2000) to panic patients attenuates anxiety-like responses resulting from exposure to hypercarbic gas, supporting the hypothesis that serotonergic systems play an important role in restraining panic in panic disorder patients.
